Introduction {#s1}
============

Suicidal behavior constitutes a major public health problem. It is estimated that more than 800,000 individuals worldwide take their own lives annually, while numbers of non-fatal suicidal behavior are 10--20 times higher (WHO, [@B63]). Prediction of risk of suicide and identification of treatment and prevention targets beyond major psychiatric illnesses are objectives to improve suicide prevention. Available clinical predictors are scarce and no biomarkers have been established yet to help clinicians to predict suicidal behavior or to target with treatment. A proposed stress---diathesis model describes suicidal behavior as the result of an interaction between stressors and a predisposition or diathesis to suicidal behavior (Hawton and van Heeringen, [@B26]). Most people with major psychiatric disorders never manifest suicidal behavior, indicating the importance of the diathesis in addition to the disorder. The biological correlates of the diathesis could provide predictors for suicide risk that are distinguishable from vulnerabilities of co-occurring psychiatric disorders and that might help to predict risk after exposure to stressors such as an acute psychiatric disorder or adverse psychosocial events (van Heeringen and Mann, [@B57]). Investigating the association with genetic polymorphisms could furthermore show how these vulnerabilities relate to known suicidal behavior genes.

*In vivo* brain imaging has been used increasingly in the last decade to study the diathesis, and a number of reviews and a meta-analysis have revealed an association between functional and structural changes in cortical brain regions and a diathesis (van Heeringen et al., [@B56]; Desmyter et al., [@B16]; van Heeringen et al., [@B58]). A number of studies have recently suggested the involvement of structural white matter changes, e.g., increased fractional anisotropy (FA) and a reduction in fiber projection, in the connectivity between brain regions in the diathesis (Lo et al., [@B39]; Jia et al., [@B29], [@B30]; Yurgelun-Todd et al., [@B66]; Mahon et al., [@B41]; Lopez-Larson et al., [@B40]; Olvet et al., [@B44]; Kim et al., [@B35]). For example, Jia et al. ([@B30]) found reduced fiber projections for suicide attempters (SA) in the frontothalamic loops passing through the anterior limb of the internal capsule. However, most of these studies used a region-of-interest approach rather than an unbiased whole-brain analysis of connectivity and none of the studies examined the strength of the connections using a network analysis. Moreover, study populations often comprised non-euthymic subjects, being acutely depressed.

Network analysis may provide more insights into structural changes, which may be too subtle to be detected at the local level. We therefore investigated structural network connectivity strength using an explorative network-based diffusion Magnetic Resonance Imaging (MRI) analysis. Structural connectivity strength can be seen as the strength of the structural WM connection between two cortical areas. Streamline count was defined as a weight, which represents the number of fiber tracts connecting two distinct brain regions. This weight has previously been used as a proxy marker of structural connectivity (Skudlarski et al., [@B52]; Jones et al., [@B33]; Khalsa et al., [@B34]). In order to compare the constructed networks, we made use of the Network Based Statistics (NBS) toolbox (Zalesky et al., [@B67]). NBS uses nonparametric statistics to deal with the multiple comparison problem of a graph. A graph is a mathematical representation of a network, with regional cortical areas, named nodes, being interconnected by interregional anatomical white matter connections, named edges. The magnitude of an edge can be quantified as the strength of connectivity. NBS thus allows us to quantify network properties and to define brain networks.

NBS has been previously used to map structural networks in psychiatric disorders including schizophrenia, depression and mild cognitive impairment (Fornito et al., [@B20]; Zalesky et al., [@B68]; Bai et al., [@B2]). For example, Zalesky et al. ([@B68]) found impaired connectivity in white matter architecture in a network encompassing the medial frontal, parietal, occipital and left temporal cortex, with these regions showing less efficient interconnectivity, in schizophrenics.

As far as known to the authors, connectivity strength has not yet been studied in SA. Moreover, in the present study we included only euthymic individuals in order to assess whether findings are associated with the diathesis and not with state-dependent characteristics, such as depression. The findings could thus be translate to a general, currently non-clinical population, increasing targeted preventative actions for at-risk groups and individuals.

Finally, another goal of the present study was to investigate the association between structural connectivity and polymorphisms of candidate genes such as the Serotonin transporter gene promoter (*5-HTTLPR*) variable number tandem repeat (*VNTR*) \[*rs4795541 (L/S-variant)* and *rs25531* (*L~A~/L~G~/S-variant*)\] and Monoamine oxidase A (*MAOA*) polymorphisms. These polymorphisms have been shown to interact with stressful life events, increasing the risk of suicidal behavior (Antypa et al., [@B1]).

Based on previous studies investigating white matter differences in SA, we hypothesized that patients who have a history of suicidal behavior showed lower connectivity strength, associated with an increased severity of general clinical characteristics and an elevated expression of short alleles in serotonin polymorphisms. Specifically, connectivity strength is hypothesized to be decreased between prefrontal cortical regions and limbic regions.

Materials and Methods {#s2}
=====================

Participants {#s2-1}
------------

Thirteen euthymic outpatients with a history of suicide attempts (SAs) and 15 euthymic outpatients without a history of suicide attempt (NA) were included. All patients had a history of depression. They were recruited in different centers in the Flemish part of Belgium.

Twenty-two healthy controls (HC), without any history of depression or suicidal behavior, were included.

Only right-handed participants aged between 18 and 65 years old with their four grandparents originating from Western Europe were included. Subjects were screened for current depressive symptoms and general psychopathology using the Hamilton depression rating scale (Hamilton, [@B25]) and the Dutch version of the MINI International Neuropsychiatric Interview (Overbeek et al., [@B45]), respectively. Subjects needed to have a maximum score of 7 on the Hamilton depression rating scale (Zimmerman et al., [@B69]). The MINI was used to rule out lifetime bipolar disorder, lifetime psychotic disorder and alcohol abuse in the past 12 months, as these were exclusion criteria. Possible neurological disorders and current medication use were questioned in detail by the primary researcher. Subjects with a lifetime history of neurological disorders or using psychotropic medication at time of participation, except for selective serotonin re-uptake inhibitors and serotonin--norepinephrine reuptake inhibitors, were excluded.

The study was approved by the Ghent University Hospital ethical comity. Written informed consents were obtained from each participant.

Clinical Assessment {#s2-2}
-------------------

First, we assessed characteristics of plans and wishes to commit suicide for all participants using the Scale for Suicidal Ideation (Beck et al., [@B7]). Each item consists of three options graded according to suicidal intensity ranging from 0--2. The total score is yielded by the sum of the ratings for the first 19 items, ranging from 0--38. The Beck Hopelessness Scale was then administered to examine an individual's thoughts and beliefs about the future (Beck et al., [@B9]; Beck and Steer, [@B6]). This scale comprises 20 items which participants have to answer with correct or incorrect, with a maximum score of twenty.

Thirdly, self-reported impulsivity was measured using the Barratt impulsiveness scale (Patton et al., [@B46]), followed by an assessment of state and trait anxiety using the Dutch version of the State-Trait Anxiety Inventory, the Zelf-beoordelings vragenlijst (van der Ploeg, [@B55]).

Fourthly, self-reported depressive symptoms were assessed using the Dutch version of the Beck depression inventory (BDI-II-NL; Beck et al., [@B8]).

The Dutch version of the BIS/BAS Scale was then administered to assess behavioral approach and inhibition, and is subdivided in four categories: Fun Seeking (BAS-Fun), Reward Responsiveness (BAS-Reward), Drive (BAS-Drive) and concerns regarding the possible occurrence of negative events (Franken et al., [@B21]). The drive scale measured the level of persistence in pursuit of desired goals, while the fun seeking scale reflected a desire for rewards and the willingness to impulsively approach a potentially rewarding event. The reward responsiveness scale on the other hand focused on positive reactions in anticipation of reward.

Finally, the Dutch version of the Structured Clinical Interview for DSM-IV Axis II Personality Disorders was used to assess the presence of personality disorder(s) (First et al., [@B19]).

DNA Samples {#s2-3}
-----------

Saliva was collected using a self-collection kit following the instructions of the manufacturer (Oragene DNA Self-Collection Kit (OG-500); DNA Genotek, Inc., Ontario, Canada). We focused on three polymorphisms, namely *MAOA uVNTR* and two variants of *SLC6A4 5-HTTLPR*, *rs4795541 (L/S-variant)* and *rs25531* (*L~A~/L~G~/S-variant*) which will be described in the next section.

### SLC6A4 5-HTTLPR: rs4795541 (L/S-variant) and rs25531 (*L~A~/L~G~/S-variant*) {#s2-3-1}

The primer sequences used for the *5-HTTLPR VNTR*, *rs4795541 (L/S-variant)*, were *5′-CAACTCCCTGTACCCCTCCTA-3′* (forward) and *5′-GGTTGCAGGGGAGATCCTG-3′* (reverse), resulting in a 147 base pairs (bp) (short allele S) and a 190 bp PCR product (long allele L). The reaction mixture contained 5 ng genomic DNA, 2.5 mM MgCl~2~, 60 mM Tris-HCl, 15 mM ammonium sulfate, 5 μl Q-solution (Qiagen, Venlo, the Netherlands), 6.7 nmol forward and 4.4 nmol reverse primer, 40 nmol dNTP, and 1 U Taq polymerase (Fermentas, Waltham, MA, USA). The temperature profile consisted of an initial denaturation at 94°C for 5 min, followed by 45 cycles of 30 s at 94°C denaturation, 30 s at 56.8°C annealing, and 60 s at 72°C elongation, followed by final elongation for 7 min at 72°C. Ten microliter of the PCR products were separated on a 2% agarose gel at 100 V for 45 min.

For *5-HTTLPR VNTR, rs25531* (*L~A~/L~G~/S variants*) 15 μl of the above PCR reaction were digested with 2 U MspI (Fermentas, Waltham, MA, USA) which results in 147 bp S, 190 bp for L~A~ and 83 bp + 107 bp for L~G~ variants. Fragments were separated on a 2% agarose gel (100 V, 45 min) stained with ethidium bromide.

### MAOA uVNTR {#s2-3-2}

The primer sequences used for the *MAOA VNTR* were *5′-TGCTCCAGAAACATGAGCAC-3′* (forward) and *5′-ATTGGGGAGTGTATGCTGGA-3′* (reverse), resulting in 350 bp (2R), 380 bp (3R), 395 bp (3.5R), 410 bp (4R) and 440 bp (5R) PCR products. The reaction mixture contained 5 ng genomic DNA, 2.5 mM MgCl~2~, 60 mM Tris-HCl, 15 mM ammonium sulfate, 5 nmol of each primer, 40 nmol dNTP, and 1U Taq polymerase (Fermentas, Waltham, MA, USA). The temperature profile consisted of an initial denaturation at 94°C for 5 min, followed by 35 cycles of 30 s at 94°C denaturation, 30 s at 56°C annealing, and 60 s at 72°C elongation, followed by final elongation for 10 min at 72°C. 15 μl of the PCR products were separated on a 2.5% agarose gel at 100 V for 55 min.

MRI Data Acquisition {#s2-4}
--------------------

A Siemens 3T Magnetom Trio Tim MRI scanner (Siemens, Erlangen, Germany) with an 32-channel standard head coil was used for image acquisition.

High resolution T1-weighted structural images were acquired using a three-dimension magnetization prepared rapid gradient-echo \[MPRAGE; *repetition time* (TR) = 1550 ms, *echo time* (TE) = 2.39 ms, 0.9 × 0.9 × 0.9 mm^3^ voxel size, field of view 192 × 192 mm^2^, 176 sagittal slices, acquisition time of 5 min and 56 s\] for anatomical detail, echo planar imaging (EPI) correction and co-registration during the diffusion MRI image processing.

Three sets of diffusion-weighted images (single-shot spin-echo) were acquired with slice *thickness* = 2.0 mm, *TR* = 7700 ms, *TE* = 83 ms, number of sagittal *slices* = 60, voxel *size* = 2.0 × 2.0 × 2.0 mm^3^ and acquisition time of 6 min and 23 s. Implemented b values were 0, and 850 s/mm^2^, applied in 12 uniformly distributed directions. Each set contained 12 volumes and one reference image, providing a total of 39 volumes.

Image Processing {#s2-5}
----------------

### Preprocessing {#s2-5-1}

ExploreDTI, version 4.8.4, was used to preprocess the diffusion data (Leemans et al., [@B38]). The following steps were taken: (1) All diffusion-weighted imaging volumes (DWI's) were visually inspected to detect apparent artifacts in the data, such as large signal dropouts and geometric distortions. The images were inspected from different "orthogonal" views to detect any interslice and intravolume instabilities (Jones and Leemans, [@B32]). Data was further checked by assessing the average residuals across DWI's and inspecting the outlier profiles for each subject. (2) The diffusion-weighted datasets were corrected for subject motion and eddy current-induced geometrical distortions, while co-registering the FreeSurfer-converted T1 MRI images for reduction of EPI susceptibility distortions. The B-matrix was reoriented appropriately during motion correction (Leemans and Jones, [@B37]). Following this step, we re-assessed the data quality using the same procedure as described in step 1, also checking whether head movement did not exceed the voxel size (i.e., 2 mm) for each plane and if co-registration with the FreeSurfer-converted T1-images was satisfactory. Five subjects, all HC, were excluded from analysis due to excessive movement artifacts during the MRI scans.

### Tractography {#s2-5-2}

A whole brain tractography was performed for the 45 remaining subjects in ExploreDTI, version 4.8.4, using a deterministic streamline approach (Basser et al., [@B5]; Leemans et al., [@B38]; Jeurissen et al., [@B28]), with a uniform seed point resolution of 2 mm^3^, and an fiber tract voxel FA value of \< 0.2 or an angle threshold of 30 degrees (Hagmann et al., [@B24]; Gong et al., [@B23]; Caeyenberghs et al., [@B13]).

#### Nodes and edge weights {#s2-5-2-1}

The whole brain tracts were parcellated using the Automated Anatomic Labeling (AAL) template (Tzourio-Mazoyer et al., [@B54]). In this study, we only included the 90 cerebral brain regions (excluding the cerebellum) to obtain the connectivity matrices for each subject (Figure [1](#F1){ref-type="fig"}). Number of streamlines was computed as weight.

![**Nodes of the AAL template used in the network analysis.** Red dots signify the 90 cerebral nodes. Each node is labelled with the anatomical name used in the AAL template.](fnhum-09-00632-g0001){#F1}

#### NBS analysis of the structural network {#s2-5-2-2}

The obtained weighted matrices of the previous step were concatenated and imported in the NBS toolbox. Our data was analyzed using the default parameters from the NBS Toolbox (Zalesky et al., [@B67]), as applied in previous studies (Poudel et al., [@B47]; Caeyenberghs et al., [@B13]). Specifically, NBS was used to identify pairs of regions whereby the structural connectivity strength was altered. A one-way analysis of variance was performed to identify the overall group effect (F-contrast). Pairs of regions were withheld using the highest possible F-statistic (*F* \> 3.5). These pairs got a family-wise-error corrected *p*-value (*p* \< 0.05) ascribed using permutation tests. A total of 5000 permutations were generated, assigning participants randomly to one of the three groups for each permutation. Then, connectivity strengths was extracted for all significant pairs of regions, and further analyzed in a statistical package (IBM SPSS Statistics 21, Armonk, NY, USA). Finally, non-parametric *Mann*-*Whitney U tests* were employed to further disentangle the significant F-effect and identify networks which differed between the groups, using the following planned *post hoc* contrasts: HC and NA, HC and SA and NA and SA.

Statistical Analyses {#s2-6}
--------------------

Non-parametric *Kruskal-Wallis tests* were conducted on the clinical variables. Significant group effects were explored further using *Mann-Whitney U tests*. Categorical variables were analyzed with *Fisher's Exact Tests*, as the condition for use of the chi-square analyses (each cell ≥ five observations) was not fulfilled.

An effect of 5-HTTLPR and MAOA polymorphisms was assessed by means of *post hoc Mann-Whitney U tests* following a *Kruskal-Wallis test* used to assess group differences.

To determine whether the connectivity strength in SA is correlated with the clinical and genotypic variables, Spearman's rank correlation coefficient were calculated, using a Monte-Carlo-based permutation test with 100,000 permutations to correct for multiple comparisons. Due to the number of correlations examined, only correlations below a statistical significance level of *p* \< 0.01 were considered significant (Caeyenberghs et al., [@B11],[@B12]).

Results {#s3}
=======

Demographic Characteristics {#s3-1}
---------------------------

As groups were *a priori* matched for age, education level (completed years of education, starting from 6 years old) and IQ (Nederlandse leestest voor volwassenen; Schmand et al., [@B51]), non-parametric Kruskal Wallis tests revealed no significant differences between the three groups for age, education level and IQ. Only the gender ratio differed significantly between the HC and NA group (*p* \< 0.05), but not between these groups and SA (Table [1](#T1){ref-type="table"}). As gender ratio did not differ between SA and the other groups, this variable was not taken into account as covariate.

###### 

**Demographic characteristics and clinical differences**.

  Variable                                   HC^a^ (*n* = 17)   NA^a^ (*n* = 15)   SA^a^ (*n* = 13)   *p*-value^b^   *Post hoc* contrast^c^
  ------------------------------------------ ------------------ ------------------ ------------------ -------------- ------------------------
  **Demographic variables**                                                                                          
  Age, years                                 26 (24)            36 (20)            31 (21)            0.45           
  Education, years                           15 (3)             15 (3)             15 (3)             0.35           
  IQ, NLV score                              101 (13)           106 (23)           105 (11)           0.79           
  Female (%)                                 94                 53                 69                 \<0.05         HC \> NA
  **Clinical variables**                                                                                             
  Suicide ideation, SSI score                0 (0)              0 (0)              0 (1)              \<0.05         HC \< SA
  Hopelessness, BHS-score                    2 (1)              3 (2)              3 (3)              \< 0.05        HC \< SA
  Self-reported depression, BDI-score        1 (3)              3 (5)              5 (15)             \<0.01         HC \< SA
  Stait Anxiety, ZBV score                   29 (7)             34 (13)            32 (17)            0.08           
  Trait Anxiety, ZBV score                   29 (10)            36 (17)            45 (14)            \< 0.01        HC \<NA, SA
  Fun Seeking, BAS score                     12 (4)             10 (3)             11 (1)             \<0.05         HC \>NA, SA
  Reward Responsiveness, BAS-score           18 (4)             17 (6)             18 (6)             0.70           
  Drive, BAS score                           13 (4)             11 (2)             12 (6)             \<0.05         HC \> NA
  Avoidance, BIS score                       21 (5)             24 (9)             20 (13)            0.28           
  Impulsivity, BIS-11 score                  57 (11)            50 (19)            59 (23)            0.40           
  History of Axis II Diagnoses, DSM-IV (%)   0                  0                  8                  0.29           
  Medication use, SSRI and SNRI (%)          0                  27                 46                 \<0.01         HC \< NA, SA

*^a^Except where indicated otherwise, values are the median and the interquartile range; ^b^Kruskal-Wallis tests for comparisons with continuous variables; Fisher's Exact Tests for categorical variables; ^c^Mann-Whitney U test for continuous variables. Only significant post hoc tests are shown HC, Healthy Controls; L, Left; NA, Euthymic non-attempters; R, Right; SA, Euthymic suicide attempters*.

Clinical Variables {#s3-2}
------------------

As shown in Table [1](#T1){ref-type="table"}, significant group differences were found for suicidal ideation (Scale for Suicidal Ideation), hopelessness (Beck Hopelessness Scale), subjective interpretation of current depression (BDI-II-NL), trait anxiety (zelf-beoordelings vragenlijst), and behavioral approach (fun seeking and drive; BIS/BAS scale). *Post hoc* test showed increased levels of hopelessness (Beck Hopelessness Scale), suicidal ideation (Scale for Suicidal Ideation) and self-reported depressive symptoms (BDI-II-NL) in SA, compared to HC, but not compared to NA. Behavioral approach (fun seeking and drive; BIS/BAS scale) was also increased in HC, compared to NA. HC and SA did not differ for the Drive scale. The fun seeking scale did show a significant difference between HC and SA, but not between SA and NA. There was no significant difference in trait anxiety between SA and NA. Both groups did, however, show significantly increased levels of trait anxiety when compared to HC.

Network Differences {#s3-3}
-------------------

The NBS method identified one subnetwork (*p* \< 0.05 family-wise-error corrected), consisting of 34 nodes and 36 connections, with significant alterations in structural connectivity between the three groups. This subnetwork encompassed both cortical, as well as subcortical regions (such as the amygdala, the anterior cingulum, the caudate and putamen) (*F* = 4.33, *p* \< 0.05; Figures [2A--C](#F2){ref-type="fig"}).

![**(A--C)** Between group structural connectivity alterations. Respectively the axial **(A)**, coronal **(B)** and sagittal **(C)** view of the subnetwork, which demonstrated significant alterations in structural connectivity between the three groups. This network comprises 34 nodes and 36 edges. Each node is labelled with the anatomical name used in the AAL template. The lines represent the edges of the observed network, while the green dots symbolize the network nodes. The darker the line, the higher the strength of the network connection between a pair of nodes (with red being the highest connectivity strength, and white the lowest connectivity strength). Visualization: Explore DTI, version 4.8.4 (Leemans et al., [@B38]).](fnhum-09-00632-g0002){#F2}

As shown in Table [2](#T2){ref-type="table"}, *post hoc* tests revealed that SA, compared to HC and NA, showed decreased connectivity strength between the left olfactory cortex and the left anterior cingulate gyrus (Connection 1). There was a trend towards significance (*p* = 0.07) for decreased connectivity strength in SA between the right medial orbital superior frontal gyrus and the right rectal gyrus (Connection 2), and between the right calcarine fissure and both the left superior and middle occipital gyrus (Connections 3 and 4 respectively). HC and NA did not differ significantly for each of these connections (Figure [3](#F3){ref-type="fig"}).

###### 

**Connections involved in the vulnerability to suicidal behavior**.

  Number of streamline   Connections                  MNI Coordinates (mm) (*x, y, z*)   *Post hoc* contrasts (Mann--Whitney *U* tests)
  ---------------------- ---------------------------- ---------------------------------- ------------------------------------------------
                         **Connection 1:**            (−8.06, 15.05, −12.00)             HC = NA (*U* = 123.0, *p* = 0.87);
                         L olfactory cortex →         →                                  HC \> SA (*U* = 38.5, *p* \< 0.01);
                         L anterior cingulate gyrus   (−4.04, 35.40, 13.95)              NA \> SA (*U* = 41.0, *p* \< 0.01)
                         **Connection 2:**            (8.16, 51.67, −7.13)               HC = NA (*U* = 116.5, *p* = 0.68);
                         R superior frontal gyrus,    →                                  HC \> SA (*U* = 44.0, *p* \< 0.01);
                         medial orbital →             (8.35, 35.64, −18.04)              NA \> SA (*U* = 58.0, *p* = 0. 07)
                         R gyrus rectus                                                  
                         **Connection 3:**            (15.99, −73.15, 9.40)              HC = NA (*U* = 89.0, *p* = 0.15);
                         R calcarine fissure →        →                                  HC \> SA (*U* = 46.0, *p* \< 0.01);
                         L superior occipital gyrus   (−16.54, −84.26, 28.17)            NA \> SA (*U* = 59.0, *p* = 0.08)
                         **Connection 4:**            (15.99, −73.15, 9.40)              HC = NA (*U* = 91.0, *p* = 0.17);
                         R calcarine fissure →        →                                  HC \> SA (*U* = 43.5, *p* \< 0.01);
                         L middle occipital gyrus     (−32.39, −80.73, 16.11)            NA \> SA (*U* = 58.0, *p* = 0.07)

*HC, Healthy Controls; L, Left; NA, Euthymic non-attempters; R, Right; SA, Euthymic suicide attempters*.

![**Graphical representation (axial view, radiological convention) of the network connections showing a significantly lower connectivity strength when comparing euthymic suicide attempters (SA) with euthymic non-attempters and healthy controls (HC).** Green dots represent nodes. The blue line shows the connection between the left olfactory cortex and the left anterior cingulate gyrus, while the red line symbolizes the connection between the right medial orbital superior frontal gyrus and the right rectal gyrus. The purple line connects the right calcarine fissure and the left middle occipital gyrus. The yellow line forms the connection between the right calcarine fissure and both the left superior occipital gyrus.](fnhum-09-00632-g0003){#F3}

For the remaining 32 contrasts, *post hoc* tests did not show a significant difference between SA compared with NA and HC. These results are presented in the Supplementary Table 1.

Genotypic Differences {#s3-4}
---------------------

Fisher's Exact Tests revealed a significant group difference for the *MAOA-uVNTR* polymorphism (*p* \< 0.01), with HC differing significantly from NA (*p* \< 0.01) and SA (*p* \< 0.05). No significant differences were found between NA and SA (*p* = 0.24).

No significant differences were observed between the groups for the *5-HTTLPR_VNTR* polymorphism (*p* = 0.79) and *5-HTTLPR_rs25531* polymorphism (*p* = 0.89).

Correlations {#s3-5}
------------

### Total Group {#s3-5-1}

Regarding associations between connectivity strength differences discriminating SA from NA and HC, and the clinical variables, there was a significant negative correlation between Connection 4 and trait anxiety (*r~s~* = −0.56, adjusted *p* \< 0.001), hopelessness (*r~s~* = −0.44, adjusted *p* \< 0.01), and self-reported depressive symptoms (*r~s~* = −0.49, adjusted *p* \< 0.01), as can be seen in Figures [4--6](#F4){ref-type="fig"}. In other words, decreased structural connectivity between the right calcarine fissure and the left middle occipital gyrus was associated with increased severity of trait anxiety, hopelessness and subjective depressive symptoms.

![**Scatter plot of the significant association between the right calcarine fissure---left middle occipital gyrus structural connectivity strength and trait anxiety as measured by the Zelf-beoordelings vragenlijst.** A higher structural connectivity strength represents a higher number of streamlines for that subject. A higher score on the Zelf-beoordelings vragenlijst represents a higher level of trait anxiety. Associations were measured using the Spearman's rank correlation coefficient.](fnhum-09-00632-g0004){#F4}

![**Scatter plot of the significant association between the right calcarine fissure---left middle occipital gyrus structural connectivity strength and hopelessness as measured by the Beck Hopelessness scale.** A higher structural connectivity strength represents a higher number of streamlines for that subject. A higher score on the Beck Hopelessness Scale represents a higher level of hopelessness. Associations were measured using the Spearman's rank correlation coefficient.](fnhum-09-00632-g0005){#F5}

![**Scatter plot of the significant association between the right calcarine fissure---left middle occipital gyrus structural connectivity strength and self-reported depressive symptoms as measured by the BDI-II-NL.** A higher structural connectivity strength represents a higher number of streamlines for that subject. A higher score on the BDI-II-NL represents a higher level of self-reported depressive symptoms. Associations were measured using the Spearman's rank correlation coefficient.](fnhum-09-00632-g0006){#F6}

### Within Group Differences {#s3-5-2}

SA showed significant associations between Connection 4 and both hopelessness (*r~s~* = −0.76, *p* \< 0.01) and trait anxiety (*r~s~* = −0.78, *p* \< 0.01). Hence, lower structural connectivity was associated with an increase in trait anxiety and hopelessness. Non-attempters did not show any significant association. Finally, no correlations between connectivity strength and genotype differences could be demonstrated.

Discussion {#s4}
==========

As far as known to the authors this is the first comparative study of structural connectivity strength of networks in currently euthymic suicide attempters. The findings suggest changes in connectivity strength in association with a diathesis to suicidal behavior. Specifically, suicide attempters have a reduced strength in connectivity in frontal and occipital regions, ranging across both hemispheres.

Euthymic suicide attempters have increased levels of suicidal ideation, hopelessness and current subjective interpretation of depression, while genetic results do not reveal any significant differences in serotonin related polymorphisms in euthymic suicide attempters.

Furthermore, lower connectivity strength between the right calcarine fissure and the left middle occipital gyrus was associated with higher levels of trait anxiety, hopelessness and self-reported depressive symptoms. In suicide attempters alone, decreased connectivity strength between these two regions was associated only with a higher trait anxiety and hopelessness.

Preceding a discussion of these findings, a few methodological issues need to be addressed.

Our findings may have been affected by the drug treatment in some patients (Germana et al., [@B22]; Vernon et al., [@B59]). However, in the current study we have only included patients which used selective serotonin re-uptake inhibitors and serotonin--norepinephrine reuptake inhibitors, as the effect of these drugs on structural connectivity appears to be limited (Fan et al., [@B18]).

Second, sample size is limited due to strict inclusion criteria. Regardless, we were able to detect differences in connectivity strength between attempters and non-attempter groups. Nonetheless, group differences need to be reproduced in larger samples.

Thirdly, the acquisition of the diffusion-weighted images using 12 uniformly distributed directions could give less qualitative results when used for tractography when compared to sequences such as High Angular Resolution Diffusion-weighted Imaging. Although, studies have shown that data obtained using this sequence does provide qualitative results (Yamamoto et al., [@B64]; Lebel et al., [@B36]). Nonetheless, results should be interpreted with caution.

Fourthly, although number of streamlines is seen as the main weight for calculating structural connectivity strength (Rubinov and Bassett, [@B50]; Zalesky et al., [@B68]), by using only this measure as a weight to construct the connectivity matrices, we may have misinterpreted or missed certain results. Specifically, we were not able to correct for the individual volume of each node within the AAL template, nor were we able to compare the findings with other weights, such as FA. As this could potentially bias results, future research should take this in to account.

Finally, the edges of the structural network were defined using a deterministic tractography approach (Mori et al., [@B43]; Basser et al., [@B4]). Previous studies showed that this method is not able to resolve crossing fiber bundles (Mori and van Zijl, [@B42]; Tournier et al., [@B53]; Jones et al., [@B33]). Thus, using this technique in a tractography can result in the loss of edges due to the elimination of fiber bundles. Recent studies have proposed tractography approaches based on more advanced diffusion models (Hess et al., [@B27]; Wedeen et al., [@B60]; Jeurissen et al., [@B28]), which may solve the fiber crossing problem by providing more accurate anatomical connectivity patterns of brain networks. These approaches should be taken in to account in future studies.

Results show that the lower connectivity strength, which differs between suicide attempters and non-attempters (HC and NA), is part of the corpus callosum. Specifically, the connection strength between the left olfactory cortex and the left anterior cingulate gyrus and between the medial orbital part of the right superior frontal gyrus and the right gyrus rectus corresponds with parts of the forceps minor, each in a different hemisphere, which connects the frontal lobes via the genu of the corpus callosum (Catani and Thiebaut de Schotten, [@B14]). Furthermore, the connection strengths between the right calcarine fissure and the left superior occipital gyrus, and between the right calcarine fissure and the left middle occipital gyrus appear to be parts of the forceps major (Catani and Thiebaut de Schotten, [@B14]). This tract interconnects the occipital lobes and runs through the splenium (Dougherty et al., [@B17]).

Previous research in suicide attempters has revealed involvement of parts of the corpus callosum in the diathesis to suicidal behavior, specifically structural characteristics of the genu and splenium (Cyprien et al., [@B15]; Kim et al., [@B35]), providing additional evidence for our results.

As the corpus callosum plays a vital role in interhemispheric interaction (Berlucchi et al., [@B10]; Ptito et al., [@B48]), the transfer of information between the left and right frontal and occipital lobe appears to be hampered in suicide attempters due to a decreased connectivity strength. Furthermore, we found an association between connectivity strength in a subregion of the forceps minor and the forceps major and clinical variables of importance in the vulnerability to suicidal behavior (anxiety, hopelessness and subjective depressive feelings of depression, respectively).

Trait anxiety linked personality traits have for example previously been associated with a decreased white matter microstructure in the forceps major in healthy subjects, showing that not only the limbic circuitry is of importance in emotion regulation (Westlye et al., [@B62]).

Due to the general problem of crossing fibers addressed previously, interpretation of the results should be done with caution. Former research has shown that callosal fibers diverging to the cortical endpoint merge with longitudinal projections to that destination (Yeatman et al., [@B65]). Nonetheless, callosal fibers close to the corpus callosum are tightly bundled and less influenced by crossing fibers, providing support for our interpretation of the results.

Suicidal behavior has been associated with deficits involving decision-making (Richard-Devantoy et al., [@B49]). The frontal regions in which the network connections associated with the forceps minor were found, have been associated with disadvantages decision-making in suicide attempters (Jollant et al., [@B31]). While these authors hypothesized that decision-making in suicide attempters is hampered due to dysfunction of the orbitofrontal cortex, our results provide an alternative explanation. It could well be that disadvantages decision-making is caused by a lack of interhemispheric interaction due to a decreased connection strength, which leads to bottom-up attentional control deficits (Banich, [@B3]). A study by Welcome and Chiarello ([@B61]) provides additional evidence by stating that the interaction between the hemispheres becomes advantages due to bottom-up task related processing demands and not because of top-down knowledge. It could does well be that decision making deficits are present in euthymic suicide attempters when confronted with higher order task demands, due to a lack of interhemispheric connectivity strength, limiting interaction.

In summary, the current findings suggest that a vulnerability to suicidal behavior is associated with a reduced connectivity strength in the minor and the major forceps which coincides with the manifestation of maladaptive clinical characteristics such as hopelessness and subjective feelings of depression, and possibly with cognitive abilities such as difficulties in decision making. Changes in connectivity strength are not related to *5-HTTLPR VNTR* \[*rs4795541 (L/S-variant)* and *rs25531* (*L~A~/L~G~/S-variant*)\] and *MAOA* polymorphisms. Future longitudinal studies in a larger sample are needed to assess the utility of the demonstrated alterations in predicting the risk of suicide attempts and in serving as a substrate for treatment.
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5-HTTLPR

:   Serotonin transporter gene promoter

AAL

:   Automated Anatomic Labeling

BDI-II-NL

:   Dutch version of the Beck depression inventory

BP

:   Base pairs

BAS-Fun

:   BIS/BAS scale Fun Seeking

BAS-Reward

:   BIS/BAS scale Reward Responsiveness

BAS-Drive

:   BIS/BAS scale Drive

DWI

:   Diffusion-weighted imaging volume

EPI

:   Echo planar imaging

HC

:   Healthy controls

MAOA

:   Monoamine oxidase A

MRI

:   Magnetic Resonance Imaging

NBS

:   Network Based Statistics

NA

:   Euthymic outpatients without a history of suicide attempt

SA

:   Euthymic outpatients with a history of suicide attempt(s)

TE

:   Echo time

TR

:   Repetition time

VNTR

:   Variable number tandem repeat.
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